vcfrnMrn/mm 



I 

APPARATUS AND fVlETHOD OF 
IMPROVED ANGIOGRAPHIC IMAGIMG 

5 FEID OF THE INVENTION 

The present invention relates to digital x-ray Imaging, More particularly, 
the p>:-esei"; invention ,^slat^^s ro an apparatus for coronary m\6 cierierai 
angiograpr-y snd a rneihod of increasing image contrast and reducing \mag& 
io artifacts. 

3ACKGR0UN0 OF THE INVENTION 

15 X ray imaging i« a ccmmon tool used in cardiovascular angjograptiy:. 

Blood vessels am imaged, usually In fluoroscopic mode up to 30 frames per 
second, while being infused with iodine based contrast agent It is a filghly 
desired purpose to Increase the Image contrast of the blood vessels relative 
to the surrounding tissues so as to facilitate the interpretation of the results. In 

20 the sarr^e time, li !S highjv necessary to reduce radiation dose to which the 
-.\'iO'nH are exposed. 
One common tecnnique to improve visual contrast is digital subtraction 
angiography (DSA). In DSA, a "mask" image is acquired before infusion of 
Iodine oontrasj agent and subsequently subtracted from images with Iodine 

25 contras? In thi!? way, ths appoararu;e of blood vessels is amplifying. Hovvavef, 
DSA is artifacts prone due to motion of the patient between the time the mask 
Is acquired and the tinje the contrast images are acquired. Therefore, DSA Is 
not usually used in coronary angiography as the coronary arteries are at i 
constant motion due to the heart activity. 

30 Another common technique to improve image contrast and differentiate 

better between absorbing element composition is dual energy subtracyon. 
According to this technique, the subject is imaged twice with two different 



wo mWM2IS7 



2 

energy spectra cf ihe K ray source. Different energy specira may be obteinecl 
ny 3pi.)iying ditferersj X ray tube voitage, different tube anoda rnatf-naf, 
differed bea-r: fiiteririy or a combination of ths above. A categon-' within this 
technoioay is K edge s5.;bifactlon iniaging where the two energy spectra are 
5 chosen so oi^e spectrum peaks beiow the K edge of a materiaf of interest, say 
Iodine, and ihe otiier peaks just above tlie K edge. However, this technique Is 
not applicable to cardiac angiography with conventional X ray sources as the 
tin^e to alternate betv¥een two energies Is relatively long and does riot allow 
for motion artifact free image subtraction. 

10 US Pat&Pi No, 6,366.617 discloses s device for ersergy siibtractfon 

cardiac angiography based on irradiating the patient with monochromatic X 
ray beam from synchrotron radiation at rvvo ostornating enargies. f-lowever 
.rrionochromatic X ray bsa.n-'S with sufficient intensity are available in just a few 
syrK^i^s-jtrori ra-iuroor; accii&rator iaboratories worldwide, so this solution is 

15 not D;'f;aiC--."?; tor fOiitf';c j;.-bi;oalior)s. 

Pn-jciic-Viiy, aii X f^v dsteciors currentiy ip use in medical imaging are 
based on the principie of charge integration. Detector elements convert 
incoming X rays to electric charge, charge from many X rays is integrated for 
a certain time window and the signal is digitized to provide the output signal 

2:0 for the deieotor element. This descnption applies to various detectors In use 
in medical X ray irtiaging systems, regardless of the techrjobgy of the 
detector. 

Because the radiation from: X ray tutjes eome at a wide spectrum of 
energies and the charge generated by each X ray is proportional to the 
25 energy trarisferred fro,ni ihe X ray to the detector, the signal in conventicnal 
detectors -s proporb- •nas to ths sum of the X rays times their energy rather 

than iiiTir-iy ;o t^^e number of X rays. Therefore -.he output signal is biased i.o 

30 differences bet\ve^^ri tiost^es in u-is oody, so the image cGfv.rr;5st is seduced as 
corrspareo ic 3 trecreiiC;:;! system that doss not bias the output to h}g\m 
energy photons. On Ihe other hand, gamma cameras and PET scanners are 
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based on single jihoiun counting. !n these devices, each photon is counted 
separately and tine output signai is purely the number of photons detected ir; a 
deiector eiemem. 

The advantage of Single photon counting forX ray imaging is recognized 
S and a number of devices have been developed and tested. The following 
extensive revsev^ is brought herein as reference: 8. Mikulec "Oeveioprnent of 
segmented semiconductor arrays for quar^tum imaging" Nodear Instruments 
& Methods in Rhys. Research A 510 (2003) 1-23. 

Tlie devices under discussion are buSt of a matnx of X ray detection 
IQ elements, each element aonnected to a separate signai processing circuitry. 
The electronics provides a digital coutti of the number of photons detected by 
each element in a given tirne frame. 

it was also reail.^^d (same reference) that by segmenting the imaging 
data a<xoi dinq io X r:.-/ piv-ion energy, images of higher Image contrast might 
15 be achiovod. 1 bib aoi.ioved e.g. by setting thresholds on each photon 

signal levsi and counting separately photons at two or more energy bins. 

incorporating doteation devices enni-yiinc singioi photon counting in an 
apparatus for angiographic .X ray imaging, especialiy for coronary 
angiography, p.rovldes a new and improved apparatus by which motion 
20 artifacts generated from heart beats and breathing movements are 
substantiaily E-iiminatsd, 

SUMMARY OF THE iNVEHTiON 

25 

it is an obieot o' the present invention to provide a method and 
\ '-.\' !rr,aging of coronary angiography so as to 
C!-"5 f^Jlo '^-^'j I ; 3PC breathing artifacts 

': .inoti'.c-i ocv-n rie o'eseni inve^'aor to prcvido a nevr.-yi arJ 
.;C: appafaius tor Improveo X r^jy imaging of penpherai angiography so lo 
eirmsnate any motion aarfacts. 
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It is yet another object of the present inyentlor: io provio;?; a method and 
apparatus for improved X ray imaging in non-cardiovasculai- appiicaiions, for 
exanipie: dynamic orthopedic imaging of bones or joint during motion, 
a mpisfi cation or;-nicrc-c-aicifi:jatior5s in Mammography, etc, 
5 It is thus provided in accordance wttii one aspect of the present, invention 

an apparatus for improved angiographic X ray imaging of a subject's body 
Infused With contrast agent; said apparatus compris^sing: 

an X ray source adapted to emit X rays directed to pass 
tlirough the subject's body wherein said X ray beam is 
10 polyGhrofTiatic; 

a sensor system adapted to receive attenuated X rays that 
passed through the subject's body, wherein said sensor comprises 
detection means divided Into a piurailty of detector 
etements, wherein each one of said piuralsty of 
15 detection eiements is adapted to convert photon energy 

of y porrioi! of said attenuated X rays into electric 
charges; 

at ieast one readout chip divided :nto a piurailty of 
channeis vviterein each one of said piurailty of onanneis 
20 is eiectronlcaiiy connected to orie of said piurailty of 

detection elements and wherein each one of said 
plurality of chaoneis is adapted to convert said eiectnc 
charges intodigita! data; 
aequlsitlon system adapted to receive said digital data frorn 
25 said sensor and generate at least two eiectrorvic representations 

wherein one of said at least two electronic representations Is 
attained fron-- energy photons and another one of said at ieasi. 
two eie:t:onic rcr>resentations Is attained from high energy pi-iotons 
whsrc-:,-' ^o::: -v. wc eeo:ronic representations are measured 
30 sirnuitsneously ai the subject and at a certain position of said K ray 

source; 
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procesi>ii\; adapted to T.anipuiate said at least tm 

electronic represeniaiions ;nto ai least one Image; 

dispiay;no means adapted to display said at least one image; 
whereby said at les^i one image attalnesd from at least two energy bins 
5 anipiify tlse appearance of the contrast agent in the blood vessels In 

respect with the eufrounding tissues of the sub|©ct's body, 
Furthsmiore. in accordance with another preferred embodiment of the 
present invention, said detection means is a pixel detector tM\p made of a 
semfconduetor material. 
iO Fyrthermofe, in aGcordanoe with another preferred embodiment of the 
present Invsnoon, said semiconductor material i$ selected from a group of 
semiconductor materials such as Cadmium Zinc Teiludde (C2T). 

Furtherrnore, in accordance with another preferred embodiment of the 
p;->;ort ■■;:v\.'iiiicr;, said cietectlon means is a deteclor chip made of a 
15 K;;iruiik!tor nuvleriai coupioa to 'icjht to charge conversbi-; elements 

prasant invention, said ;^cintiHatoi- material is selected from a groLip of 

ngtenais such as Csi orCsi(Ti}. 

Funharniore, in accordance with another preferred embodiment of the 
20 present Invention, said light to charge conversion elements comprise an array 

of Si photodiodes. 

FurtherrnGrei in accordance with another prefen'ed embodiment of the 

present invention- said at least one readout chip is provided with at ieast tw/o 

programmable thrsshoid discriminators so as to allow each one of said 
25 plurality of channels to outpiA. a representation of a number of photons 

carrying energy below a predetermined threshoid, between said 

predetarininecJ thresi'jold and a higher predetennlned tlireshold, and above 

said s-!igher predetermined tlireshold, 

Fi-irtnan-ore, accordance with another preferred embodirfient of the 

present ifVo'eniior:. said at least one readout chip is provided w-tri a 

preampllner and a pulse sriaper. 
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Furthermore, In accovdanoe with another preferred embodiment of the 
present invention, rurther con-prising at least two counters adapted to count 

events detected in at least two programmabis threshold discriminators, 

Fuftnermore, in accordance with another preferred embodiment of the 
I present invention, the infused contrast agent is iodine solution. 

Furti-stfrrrtCTiv, in accordance vv^ih anct!>2r preferred embodiment of the 
present ir?ventior;, said low energy photons are set bsiow tiie K edge of the 
contrast aae3nt ano said high energy photons are set above the K edge of the 
contrast agent. 

10 Furthermore, m aecordance with another preferred embodiment of the 

present invention, said law energy photons are set just above the K edge of 
the contrast agent snd said high energy photons are set further above the K 
edge of the contrast agent. 

Furthenriore, in accordance with another preferred embodiment of the 

is present invention, a portion of tiie subject's body is the chest and v/nerein 
coronary biood vessels are imaged. 

present invenric ;\ 3 d;ife. e; :ce image of said iovv energy pnoiof^s presentation 
and said i;iQh ;.;hocon? prassntation is generated and displayed so a.^! 

20 to .psn^i.-iity 11:-; ' :.r a.- of U?s contrast agent, wherein said difference 
image ;s rnotion artifacts prone. 

Furthermore, in acco.j-dance with another prefer.red embodiment of the 
present invention, a portion of the subject's body is the head and neck and 
wherein cranial or crania! supply blood vessels are Imaged. 

25 Furtherr^iorBv in accordance with another preferred embodiment of the 

present invention, peripheral blood vessels are imaged 

Furthermore, sn accordance with another preferred embodiment of the 
present invention, sn-ages are acquired, processed and displayed multiple 
times every second at a short limo lag from acquisition so as to generate real 

30 time imaging of the suDje ..i. ?- body. 

F ! - ^ ' . " ' :-cv~e' V e'K ^.-j embodiment of the 

present invention, said processing means is adapted to process sard at ioasr 



two eSectronfc representations by producing a normalized high energy In-age 
of one of the eiectronio repfssentatson attained from high ersergy pholon& to 
another elv-clroriic re|-.-fesentalion attained froif! low energy pf^otons and 
subtractson of said normaife,ed 'nigh energy image from satd another electronic 
5 JBpresentation. 

Furth;.^rrt"ore, ifi i;c:,o;d3nce wittt anotiier prefer-'ed embodia^enl of the 
present inverraor;. sasa p-oc&ssfrig means is adapted to process said at. least 
two eiectrorsic representations by producing a normaiizeci high energy image 
of one of the eiectronfc represantal^on attained from high energy photons to 
10 another ©leotroniG repre$erttation attained from fow energy photons and 
subtractiGn of a prs-determined; fraction of the normaitzed htgh energy image 
from; said another electronic representation. 

I n accordsnce with another aspeet of the present inventfon^ it is provided 
a method for producing images of improved X ray angiography of a sub|ect*s 
15 body, said method comprssing; 

directing polyGhromatic X ray beam to pass through the 
suPjscfs Dody; 

positionsnc a s>:-;oO- systc/rn adopted to rs(;eive attenuaied X 
rays thai parsed througr^ said subject's body, said sense? system 

20 convorising deiectlon means divided into a plurality of detector 

siernents, wherein each one of safd piuraliiy of detection eiements 
Is adapted to convert photon energy of a portion of said attenyated 
X rays into electric charges, and at least one readout chip provided 
with at least two dlscnminators, said at least one readout chip 

25 divided into a plurality of channels wherein each one of said 

plurality of channels is electronicaiiy connected to one of said 
plurality of detection elements and wherein each one said 
plurality of channels is adapted to convert said electric charoes into 
digital data; 

30 setdng threshoid levels for said at least two disGfimlnators for 

each one of said plurality of channels: 
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indicting a contrast agent into biood vessels of the subjecfs 

po^iboriinq said subjecl so that X ray beam passes through 
\hi: bod> of ;h>5 subjecl and attenuated X rays that passed iruougf-j 
5 the subject s body are recsived by said sensor system; 

acquiring single photon counting data so as to sisniiltaneously 
establish at least Iwo images from at feast one of low photon 
energy window and at least one of high energy window; 

Pfocessing said at least two images so as to provide high 
10 contrast and motion artifact free image of the subject's blood 

vesseis. 

Furthenyjore. in accordance with another preferred embodiment of the 
present invention, said low energy window is set below the K edge of said 
ccr;tr3st aG-.^nv ^nd said high energy window is set above the K edge of said 

IS contrast agent. 

^ [ i j,-^ I K i ''cd r- rr od i a / *n< 

pj-esent ';iiv-:}nt;;;n, said low ersergy window is set just above the K edge of 
said contrast agent and said high energy window is set further above the K 
edge of said contrast agent. 

20 Furthermore, in accordance with anotiier preferred en;bod!;Tierit of ihe 

present invention, setting threshold levels compnses irradiating said detecting 
means vvith radiation of at least two predetermined energy ieveis while 
monitoring output counting rate so as to set the threshold level slightly below 
the level in which the count rats drops. 

23 Furtherh>ore, In aceoi'dance with another preferred embodiment of the 

present invention, said detecting means is in-adiated with X ray photons at 
32keV :or ^ati.':;.;: r::d.shoid level and with gamma rays of o9.5keV for 

FL;rt!^err;X;ie. ;n ;5ccordance with another preferred embodiment of the 
30 present invention said processing said at least two images comprises 
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normalizing one of said at least two images attained from said 
r.igh e:",ergy window to another image attained from said low energy 
windovv S3 to nccji.-c- ncTi3 xa-J high energy irrsage; 

s^l'irsGtinp s.3;;i rornaizo:, high energy \vr,age frorn s3id 
5 another image attained from said low energy Irnage, 

Furihern'jore. in accorcarice with snother preferred emDodisTient csf the 
present inventior,, sa d pr:-cessing said at ieasi two ifr,;.rjea xXA'nMses 

normahxifig one of said at least two infages attained froni said 
high energy window to anotiier image attained from said iow energy 
10 window so as tv'j acquire normalized high energy image; 

sulDtrseting s pre^determined fraction of the normaiized high 
energy image from said tow energy image. 
Furtiisfmom- in accordance with anotiisr preferred embodiment of the 
present invention, tiie method is used to image the subject's coronary blood 
15 vesssis, 

i--urthenT;orc in ruxordarxe with another preferred embodiment of the 
prQs<{;nt inv.jrilio;;. :hG shbiects body is the head and neck and wherein 

Furthermore, irs accordance witri another prefe.rred embodiment of the 
20 present invention, peripherai blood vessels are imaged. 

BRiEF DESCRiPTiON OF THE FIGURES 

25 In order to better understand the present invention and appreciate its practical 
appiications. ths fo!lDWing Figures are attached and references herein. Like 
compone,nts are denoted by like reference nu.msra!s. 
it should be noted that the figures are given as exampies and preferred 
embodiments c-.n:-. r^f-^d in "o way limit the scope of the present invention as 

30 defined in the appendirig Description and Ciaims. 
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Figure 1 iiiust^"3i-3s a i>ul-iecl examined in an apparatus for Improved 
iniagina in accordance with a preferred err^bodiment of the 
present invention, 

5 Figure 2 illustrates a schematic layout of an X ray s&nsor inoorpcrated in 
an apparatus for inriproved imaging in accordance with a 
preferred embodiment of the present Snvention. 

Figufs 3a Illustrates a schematic description of the operation of a detector 
10 to be used m the apparatus shown in Figure 1 In aceofdanc© 

with a preferred embodiment of the present invention. 

Figure 3b iilustrales a schematic description of the opeiratioo of another 
do:?CLC-; ;c be used in the apparatus shown In Figure 1 in 
15 acoorcancs wiH; another preferred embodiment of the present 

irwantlon. 



Figure 4 illustrates the method of improved a! ■glugraphic X ray imaging m 
accordance with a preferred embodiment of the present 
invention. 

Figure 6 illustrates a diagrammatic layout of a single pbanoei in a readout 
Ghsp In according with a preferred embodiment of the present 
invention. 



DETAILED DESCf^iPTIQN OF THE INVENTiGN AND THE FiSURES 

) i ^ and inq <e -iietiiod and apparatus 

1-^ ^ „,3c i'v in cardiovascular 

^ , = ■- 3GC be applied onto the 

i ^ ^ i-.c !- ' q betrer f ©suite of the ex'^rnined blood vessels 
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in respect with contrast. Another advantags of the method of the present 
inverrjon is that reference i.-nages are unnecessary for background 
subtraciiori ^^o rhaf. motio:vpro--e artifacts generated from heart beats or 
breathing motions are subslantlaiiy eliminated. 
5 is weii Known to experts m the art that X ray photons with enertjtes just 

above the k edge of Iodine (33.2 keV.i provids higher image contrast of iodine 
infused arteries than X ray photons vvitti energies below the k edge energy o? 
with signifiosntiy higher energies. Embodiments described herein alter refer to 
typical X ray system for chest Imaging with generator voltage of ^picaily 100- 

10 120 kVp and filtering of X ray photons at energies typicaiiy beiov^ 20 keV; 
hence, the energy speotrum typicaiiy spreads betweer? 20 keV ar^d 120 keV, 
Using such a spestrum for irnaging contrast enhanced arteries, the image of 
the low energy photons minus the innageof the high energy photons has an 
enhanced display of the arteries while suppressing the soft tissue. Generaliy 

15 and In accordance with a preferred embodiment of the present invention, s 
patient is imaged m a coronary or general angiography setting where imaged 
arteries are inu.jsed with contrast agent. No contrast-less mask needs to be 
taken ahead of contrast infusion as usually done in Digital Subtraction 
Angiogjapnv (L'-S.A;. .Nor is it necessary to acquire two differe;"!t ifriages with 

20 different .K rsy spectn;m at two exposu^Bs as usually dorio in Dual Enes-gy 
Subtraction (DBS) techniques. The angiographic setting of the present 
Invention comprises a pixeiated area detector that detects the X rays. Any 
detector technology known in the art can be used in the apparatus of the 
present invention. 

25 Each detector eier^ient is coupled to processing eiectronics, comp.nsing 

a.mplsf!cstion, shaping and oomparlng the photon signals to at least two 
t!-ire3rir.^:d-> Signsis below the lowest threshold are considered noise (or 
^\--> ' . .-u 3Eicn) and are not counted. Signals above each 

■ hr-es;-: -.vd .,,-?f-;c= beiow t^^t th pshold) are counted separately to form an 

30 -may 6 :orrc:.rondi.o9 <— ' ^ rin. At lea.st two images are taken of the 
' - , ' c P'.ssent invention, ior low 

energies and for high tw- » . i rase two energy bins are selected 
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The high fcnergy nriaoe is then normaiixed, if necessary, and subtracted 
from the iow cneroy sniage (or visa versa). In a fluoroscopy sTiOde, the 
siiblra-?W;d irnajej are d:sp:ay<3d to the operaior at a srf^:aii thr\e mg from 
acquisilisp.. Tha resuits f^j; wiH be shown herein anter iri 3 sifTiuiation, are high 

5 contrast -nsage-- o;' if':e with surrounding tissue^^ subtracted. The 

images are subslantiasiy rr;oUor\ artifacts free since the iovv energy £-nd the 
high eiSv-rciv irneges ar^re acquired simu!taneousiy. 

The method can be used in coronary angiography to eilminaUe heart 
motion artifacts and peripheral angiography to eliminate breathing or other 

10 motion artifacts, H can be used in non-cardiovascufar applications too. For 
example; dynamis orthopedic imaging of bones or joint during motion, 
ampiification of mscfo-calcifications in Mammography, etc. 

Reference is now made to Figure 1 tliustmting a suisject examined in an 
apparatus for improved ima>ging in accordance with a preferred embodiment 

15 of the present invention. The general layout of cardiac angiography system 
100 may be <r!-T^i!; : Uu cch-,s.:"r.:i>:^S anQionrap-iic sysieiTss i<nov;n in the art. 
Patient 102 iyin-j on a Sv^ppjn 1;)4. X ray source 106 that comprises an X 
ray tube, coHiniatcra and fiitero as i<riOwn in the art (the interior of tiie X ray 
source s r^oi .vhovvn in ihe figure in details) is mounted on a nsechsnicai 

20 gantry r^Ui.b a C ami 108. i~iovvever, other mechanical gson^efrk---. .a;su 
possible. The X ray tube is energized by a generator (not shov^n m the 
Figure) to provide X ray beam, which is coitlmated to cover the heart of 
patient 102. Opilonaily\ the X ray tube is provided with tungsten target, it is 
energized by voitage of 100 to 120 kV and the beam is filtered to remove 

as photons below energy of 20kV, 

A sensor syste.m HQ is disposed on C arm 108. Sensor system 110 
receives a radiaisor\ .3tterH)sted by the body of patient 102. Sensor system; 
1"0 '^-sav ;:e L-V:?d vvitn or without antiscatter grid positioned in front of it. 
O^itpui d.'Uri 0- s^'^Ax..: system 110 is transmitted to acquisition system and 

30 vvorkstajori 1 processed to visld images as v^iil be described hereinafter, 
and cptioraliy displayed in realtime on an in-room monitor 114, 
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During Qperstion. the coronary arteries of patient 102 may be infused 
with contrast agent such as iodine so as to amplify the image of blood 
vessels. Various interventior^ai devices such as catheters, angioplasty 
balloons buo. sterols r?i«y be present in the imaging fieid and viewed as vvelL in 
5 a typicai appi:cat:on, the X ray tube is energized only v/ne-A me operator 
wishes to view projection images and the images are dispiayed at a rs^te of 30 
images per second. 

Reference is new j-nade to Figure 2 Hiustrating a schematic iayout of an X 
ray sensor useful in an apparatus for improved imaging In aceordance with a 

ID preferred embodimsnt of the present invention. As shown in Figure 1, sensor 
system 1 10 Is positioned dose to the patient's chest so as to receive the X ray 
radiatiofi atleruiated by the body of patient 102. The sensor system can be 
one of several sensors. Figure 2 teaches a sensor 200 that is built of several 
iaye.rs. Defector c ur 202 is used to stop X radiation and converts the X ray 

15 photon energy to Ci-arr.ie Preferably, detector chip 202 is pixilated, namely 
dix^ided i.c aiea oie ir-Mts 203, In a preferred embodiment, the over-ail deiector 
area ;s 20Gn:iTix2Q0;ruT, and there are 1000x1000 detector eiernems so each 
element is SGOur;- x 200i.in-; in size. Optionally, detector chip 202 is composed 
of multiple rrsoduies, each of smaiier dimensions. For example, rf modules of 

20 SOmrnxSOmn-^ are used, each having 250x250 area eiernents, the entire 
detector chip vviil have 1 6 modules. Tiie operation of detector chip 202 and 
other optidnai en^bodiments are described herein after. 

Several alien 'ativos are i-?.nown in the art for the construction of detector 
chip 202. .Accordif\-.i io o^^e ,9iternaiive, the detector chip is made of a 

25 0 . ,^ ' o-x. I c- wadriM n Zinc Toiluride (GZT) 35 described 

0' . ^ .X .o. >o?tv>i; ' ."'■x.;! d€:eo:c s equipped Yv'ith effective 

thus benave'';U.Ei i-lanarry A. Shaha" a,"C ,A Tsigeiman. (Keyr?ote Address) 
Hard K-Rey, Gamma-.Ray. and Neutron Physics. Proceedings of SPib;, 
30 Denve.f, Colorado. 18-23 July 1999; XZT pixel detector moduies for niedicai 
imagir>g and nuclear spectrometry"; U.EI Hanany. A, Shai-sar and A. 
Tsioeirnari. Presersjed at the 11th internationai VVorkshap on Room 
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Ternprature 3--s?Tir:oridi;ctor X~and Gamma Detectors: Vienna Oct 11-15 
1999; ■■LH-v.}iCi:rrient of IMARAD CZ.T Detectors vviih PIN Contacts'^ Mania, 
T,^ rj^^-^ - ^fi- s, J., and Yao, H. 1999. F^roc SPiE 3768; 

'Desigr; ai^d Prelin iinar/ Tests of a FVototype CZT Imaging Array"; T, NaritaJ, 

5 E. G?;ndigy. .i. A. Jer^i^iriS, ht Petm, D, Marrorie. R, Murray and B. Connell 
2002, Ftoc SPiE, 4497, 79, brought herein as references. 

The CZT detector to be used 5n the embodiment of the present inveritioi? 
is pixilated to elements of typbaliy 200{jm x aOOpm as discussed eariisr. The 
division of the CZT wafer to pixeis is accomplished by depc^ition of pixilated 

1(1 metalile eiestrodes on am face whereas there is a common metallic electrode 
covering the opposite faee. Readout chips are electronic devices used to 
receive the charges from the multiple detector elements and convert them into 
digital data Readout chip 204 Is divided Into channels 206, each processing 
ti o ^ ' > "tt 203. Readout chip 204 may inciude the 

15 same ;v:n-ho: of .?:»;;nnelo. au <• c olcn-euts in one detector module so one 
dtx.o . i --^v-.^ to one e'ement of readout ciiip 204, or 

option-siiy oriier configuratioriS niay c^ppiy like several readout chips for one 
detectof rrxjdule. 

Optionaliy, readout chip 204 is divided to channels with the same 
20 geometries! layout as detector chip 202 and the two chips are Interconnected 
directly as sho-A'n Iri Fig;. ;( e 2 The interconnection 206 of detector chip 202 to 
readout chip 204 doiiO by technsques known in the art as flip chip borvding 

According to another alternative (not shown in Figi.ire 2). one or more 
25 readout chips can fr?ounted on an Intermediate substrc-ste n -ads lo interconnect 
[o the detector chip. The sut->strate may be a multiplayer printed circuit board. 

p..,fe: c:,;-;oe siso 01306 to Flgure 5, illustrating a diagrammatic layout of 
,3 sirioie on^-\r-^\ ■ readout chip 204 in accordance with a preferred 
enibod;-:ie;ii of ria- pios^-^n:! invention . Charge generated in detector chip 202 
30 ^ ' ^ av pnoto'i ss ano (''"'^"a by preamplifier 500 ar^d 

shaped by p-.i!se shaper d'cxM 502. The resuiting shaped pulse, whose height 
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is proportional to the energy of the absorbed photon. Is fed into puise height 
discriminaiofs 1: 504 and discriminator H 506. Each of the discriminators 504 
and 606 Is loaded wHfn a pre-set threshold ievei 508 and 610. respectively, 
such that tne discriniinator outputs a putee if the inpui puise ievel is above the 
5 discrirninator ieve^. Counie.^s 512 and 614 oooot the number of events 
6eiooH-.i . ^ .'<>-^ and 506, respectively. In a typical appiicatio.n, 
th^ ' - <. V - a :i set at a level corresponding to 

30KeV photo; ! enf^sTiv aivd tise ihrsshold to discrirninator H 506 may be set at a 
level corresponding to BOkeV photon energy. Therefore counter 512 

10 meassirss the nusT)ber of photons detected by the corresponding detector 
element with energy abo^/e 30kaV and counter 514 measures the number of 
photons detected by the corresponding detector element with energy above 
SOkeV, Digital count nur?ibers of counters 512 and 514 are read periodfcaily 
by exlen^al circuit (not shown in the Figures) and reset to zero* so as to start a 

15 new accumdation. In tv-picai appiications. the counters are read and reset 30 
timesa seoaml 

Optionally, a circuit (not shown) is provided to subtract the digital output 
of counter 5i4 frofn tha output counter 512, so as to yieid the number of 
counts in the energy bin between the low threshold isM and the high 
20 thresiioid level. The combined outputs of all elements in the array yield two 
digital images of the mdsation intensity levels witliin the low energy bin and the 
high energy bin . 

' "V . ^>C''ininators and counters n-ay tx. used 
to y;-2id ■■::•)-; r\"!: i.v: -.v^-cov bins data and difrerent energy ranges than 

25 desofibec ^ -S. : ^ujply. Arjy number of energy bins produced by a 

cofrssp^.ndi;^.: ■.;;-o-, r i o' ciscnmsnators ana counters are covered ;n the 
scope oi vr,^-- pr3SE,v invention. In particular, in certain ciinicai settings, lower 
er>ergy X rays rnay ce used and the energy bins may be set below and above 
the K edge energy of iodine or other eiement of interest. 

30: Returnino to Figure 2, readout chip 204 i$ similar in design and 

Gonstrucison io a nu;nber of devices developed and published in recent years 
for rnedicas irnaging fjnd astrophysics applications. The foilowing examples 
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are provided herein as references: M6d3pix2, a 64k pixel readout chip with 65 
jjm square ek^ments working in singie photon countir^g mode, X. Uopart, 
M.Campbx:;:, R.Dir.apcn. D.SarsSegundo, EPernigotti, Proc. of the iEF.E 
Ni-cle;-!; Sciar^ce 3ymposi^:fr! and Medical imaging Conf6»rence, San Diego, 

$ California, Noveniber 4-10. 2Q01. •X'lT-.-i. acoop:oa for vuibiicadon in IEEE 
Trans.NucLSci. This article describes an electronic chip called Medipix 2 that 
includes e4k procesi-ing channeis. Each channel receives charge input from 
one dstector eien-jerrt. The input ss amplified, shaped and fed to two 
programmable threshold dlscfiminators. Using iogic circuits and shift 

iO registers, the device counts the number of X ray photons hitting the detector 
elements in a givBn time frame at two energy windows, Nameiy, th© output of 
each channel is the numbers of photons vsfith energy between a low threshoid 
and a high threshold and the r^umber of photons with energy above the high 
threshold. 

15 The seadryjt electronics in the sensor 2Qa may resemble Medipix 2 chip, 

hovvevs;-, ^ero arc sorre modifications so as to aiiow ssnsor 200 to be 
inco'DorateJ ir! jiu^parstus for improved arsgiographic imaging of the 
sr-5ssni ;nvcnt;Cn 'i h^^; ni:i;-be? of channeis 208 per single chip 204 is 
^ , ' i- - { ! '1 1 ' c" r Channels in detector chip 2.02 (or 

yieidirig 0!.itp!.jt data for more than 2 eneroy bins. Morsover, readout chip 204 
has geometrioa! dimensions that faciiitats its interconneciion to detector chip 
202 or to an iniem-iediat© <sub3lrate that is placed between the chips. 

Preferably, control and readout connections are provided at the back 
25 face of readc-ui chip 204 {where the input contacts are disposed on the front 
face) so as to fgcliilate tiling of many chips side by side. 

it should be noted that other readout ciiip designs can be employed in 
the 3ppar.3ti.iS for improved angiographic and other readout chips are covered 
bv tiie scope of the present invention as long as they provide the desired 

^ ^ - - - - ~ 1 1 so's.'Tat c description 

of trie cperabon of a detector to be used in the apparatus shown in Figiira 1 in 
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aocordarics with g preferred embodiment of the present invention, X rays 302 
that are transmitfed through the patient and impinge on detector chip 300 are 
sto|.-pec in sernicond;.ictor material (such as GZT) 304 and are converted to 
ciiaigc- o-'; 1 under external bias to electrodes 308. Eiectrode 

5 309 !S a co^i>n;on e:-^c;rode for the whole array. The charges are injected to 
nsadout eiectrori^cs (not snowr? in Figure 3a). For sirnpilcity, or^ly one 
electrode 308 if: si-sown connected to readout eiectrof-ics although all 
slectrode* sre conn^voted, each of separate readout electronics channel. For 
the ;}re'sc;n; appji;:«iiwrs, where detection of X rays up to energy of 120KeV is 

10 desired, CZT thickness of typlcaily 5mm is needed although a thicker or 
thinner CZT v^afer can be used and external bias of typicaiiy 600V is applied. 

Reference is now f^nade to Figure 3b lustrattng a schematic description 
of the operation of another detector to be used in the apparatus shown in 
Rgore 1 in accordance with another preferred embodiment of the presant 

15 invention. According to the aiternatisj'e detector chip shown in Figure 3b, 
deiecto - chir- '••OC ccniDrise? a plate of scintlilator material 402 such as 0.5mm 
to 1mrr ^iiicK lavi.-;; o: Csl, coated with light reflecting material 403 and 
x^ < p s ^ " o <. -^n photodiodes 404. X f3ys 406 

cr ^ !<iu > u 402 and sre being co.nveded into light. If 

20 k.. ! - ncr,i>!0tes3 t s .Tsferabiy grown in column structure 

so .^s to direci tiio lighi io a direction perpendiculsr to the piaie The iighi is 
converted to charge by the array of photodiodes 404. Photodiodes 404 may 
be operated with or without bias, depending on the design of the photodlode, 
as known in the art. The charges are then injected to readout eiectror]ics 

25 through eiectrodes 406. It shown be noted that photodiode 404 can be any 
photodiode kr.own in the s.n such as a baci<-illuminated photodiode. 

Reference is now nfiade to Figure 4 iliustrating the method of improved 
angiogrspi iic X ray imaging in accordance with a preferred embodiment of the 
preserst invention. According to the method of improved angiographic imaging 

m of the present invention, before imaging a patient, the threshold levels for the 
dssGrinina^ors for ~«cn channel in the sensor have to be set [10], This oan be 
dons uin v.: ra-JiOactiv'e .sources. Assuming for example that two dsKcnminators 
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are provided and it Is desired to set them a\ energy levels of 30keV and 
60keV, JhB foilowing procedure is then taken (this procedure is exemptar^' 
and is provided soleiy for lliustrationat purposes): 

First, li ie detector chip is irradiated with a ''^^Cs radioactive source. The 
5 source emits, among other radiation. X ray photons at energy of 32keV. The 
threshold level o; the low level discriminator is gradually increased for each 
readQi.;: channei while ti e output coiiniing rate is monitored. As tiie 
dis<;ii:i::r^ u:;- kivc-i i -cidia^^es c-.-e?' 32keV, the count rate drops. The 30keV 
iiiresix' i-.; - : ■. -^i^-s-tiv below the drop level. Differen: .readout 

10 channels i:f.;vr.^ dn;>;-^pa absolute threshoid setting because of different 
ampii-Her of;&et and gai;;. 

Secondly and slnsiiarly, the detector is irradiated by a ^"^^Am radioactive 
source, which en^its gamma rays of SS.SkeV, The threshold level for the high 
ievei discriminator is set at the level at which the radiation counts rate drops. 

15 Other radioactive sources may be used if more discriminator levels or 

diffet-eni levels are desired, Aiternatively, the gain and offset for each channei 
are determined once using two energy levels and other discriminator levets 
are delern^ined by interpolation or extrapolation, 

in f i.ypicfji ^sppiication of the apparatus of the present invention, for 

20 ! ses of a subject, the subject is lying in the 

ana f. ■,:<-•;:■■ :; ^^ei-'.r-;; -^. ^ in Figure 1. Tiie X ray tube is energized [12] 

by 120kV and ih^-? frivocardium ss imaged |16| while contrast agent ss infused 
to tne :x'-c-Kin : ire ^, itiC'Jt {'■■^] Single photon counting data is 

25 photons m the energy •.vindo.vs tVc.-n 30keV to oGkeV (iow energy image) and 
eOkev to 120keV (high energy \tr\age). Optionally, the readout electronics is 
read evefy SSmssc, providing 30 images a second. The images can be 
processed [ UTi and displayed [20] in any of the foiiowing ways but not limited 
thereof". 

30 1. Th« low energy and high energy images summed, Effectively, aii 
photons abovs the io-^^er threshold are counted. The images have an 
advanracvs over prsor art of higher contrast and lower noise. 
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2. The data ;3 binued to hm iow energy Image and high energy image. 
Both ?n-ages n?r-y bo; displayed. However, the low energy Image has a 
hinh'^i corurriot j; J it is srjore u>3efi;! for visualizing the coronary anedes. 
- ^ ^'0^ rrw^- 5 "j.^-s'sec to tne low energy image and 
5 subtracted fram it (opiionaliy the normalization is done on image areas 

witiiOLi: «:-;.er:es). l"he result is an image witiiout the surrounding 
tisiaies, 0; iiy the coronary arteries filled with contrast agent and foreign 
objects (such as catheters, stents, angiography balloons niarl<ed with 
X ray opaciue mertenais) are observed, 
10 4, Only a pre-set fraction of the high energy image is subtracted frorn the 
low energy irtiage in order to keep some sUfTOunding tissue shadow in 
the baci^ground of the smsga for land markmg. 
It should be reeognized that more energy windows can: be used mih 
variGus binning schemes and various subtraction schemes om be used to 
15 optimize the contrast versus noise. Other schemes are covered by the scope 
of the present invaniion. 

Tns foiievving tsble provides the results of a hflonte Carlo calculation of 
the images oi.'ttf'r.od fo;- a 2inn-i diameter artery filled with iodine contrast 
agent 3? ioci^no conc.er>t"ation of 100rng/mi surrounded i^y chest and 
20 myocardiLi-r tissues. The SiirroLind^r-.g tissues are simuiated by a 
mathsniaticai che^it piiantorri consisting of layers of aluminun>, acrylic and air 
slmuiatlng typical X ray abscrptir>n in the chest. The X ray tube is assu"ned to 
have tungsten target, operation voltage of 120kV and filtering equivalent to 
2,5nini alui-nsntim. The Monte Carlo simulation inciudes the effects of primary 
25 scattering without scatter grid in front of the detector. 

The oontrasi. Is defined as the number of detected X ray photons per unit 
sfea r;esr ii^e arteiv niinus l:he number of photons per unit area In the artery, 
! ^ .-^ - a^cf \V!,„Tber of photons. 
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Det5>c^on mode 


Contrast % 


F'por ■■ ir-,sicrai!f!g ail charges 


11,7 


r-i -oton C'-^ur-;-!.] w'o energy discrimination 


147 


Photo;? cyunting: lO-SOkeV 


23 


Photon counting: 60-120k8V 


5.8 


Photon counting; 10-30keV 


17.4 


Photen counting: 30-SOkeV 


30 


Photon coui-;ting: 50-70keV 


12.5 


Photon counting: 70-SOkeV 


5 


Photon counting: :90-120keV 


1.6 


3ih.., v'o; a:-'- ti'-:!: :h~ jD'itrast for photoi"* countsnp In 



S bettor tn:-:^ ■•.v ci-j'.r^;.^ -f^e-^rf^iiion even wiihout energy binning. VViien divsainq 
the da??; -j two energy r:5ins, vvhich have simiiar totai number of ph;)ior^& csnd 
image noise, \be low energy image has about twice th© contrast of prior art 
image Vv-heraas the high energy image displays Hiuch iowver contrast. Sinning 
the data to several narrower energy windows shows that the best cGfitrast is 

iO observe^! at the energy range abo^^^e the iodine K edge. 

According to tiie simulation, the statisticai image noise in tha photon 
counting esse is somewhat lower than the noise in prior art imaging. In 
a'.idst:or- photon counting systeiT! dees not suffer from electronic noise 
which i$ present in prior art images. 

15 Tr-,-> ^v■.^r*r.^".^ c;i~ : ^c- .i;:p.: for improved angiographic imaging of 

e^n^fpy images are snqiiired simuitaneousiy. ■ 
20 ; ~ --^ ^ " -iagc cort-do. higi-.er, it is posssbfe to apply auiDstantiaiiy . 
iass rodisiion dose and stili have good visuailzation that can be 
accurately interpreted. 

1 
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3, Since tne Image contrast is higher, It is possible to apply less contrast 

agent, 

Th.5 invefiiio" is do?cr;:>f..d herein in the conlexi of cofonan/ angiography; 
however, ic is Lisetul ai'.o h - Ihe ccriext of genera! angiography in other praris 
S of the vasouiar sv -.tersv-. 

it srx^^uid bs clear ^iia: the desc.'ption of the embodimer^ts snd aitacned 
Figures set fonh irs this •.pecificatioa serves only for a better uniderstandins of 
tiie invsnlion, without limiting its scope as covered by the following Claims, 

it shouid also be cleai- that a person sKiHed in the art, gfter reading the 
10 present specification can maKs adjustments er arnenc!ment& to the attactied 
Figurss ar5d 3i>i3ve described enibodiments that would stiii be coverad by the 
following Glabis, 



